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ABSTRACT 

This is the third of a series of papers in which the structure and kinematics of disk galaxies is studied. Employing direct tilted-ring 
fits to the data cube as introduced in Paper I, we perform an analysis of the "Spindle" galaxy NGC 2685, previously regarded as 
two-ringed polar ring galaxy. 

Deep Hi and optical (i'-band) observations are presented. The Hi observations strongly suggest that the gaseous structure of 
NGC 2685 does not consist of two separate mutually inclined regions, but forms a coherent, extremely warped disk, the appear- 
ance of two rings being due to projection eff'ects. By comparing the Hi total-intensity maps with the optical image we demonstrate 
that at large radii a faint stellar disk is well aligned with the outer H i disk. The shape of the dust-lanes obscuring the NE part of the 
inner stellar body indicates that also at smaller radii NGC 2685 possesses a disk containing gas, dust, and stars in which the various 
constituents are aligned. 

At smaller radii, this disk is kinematically decoupled from the central stellar body. Hence, in the region of the bright, central stellar 
body, NGC 2685 appears to consist of two disks that share a common centre, but have diff'erent orientation: a bright stellar lenticular 
body apparently devoid of dust and gas, and a heavily warped low-surface brightness disk containing stars, gas and dust. The low- 
surface-brightness disk changes its orientation gradually and at large radii assumes the orientation of the central stellar SO disk. 
Since, according to our analysis, the intrinsic orientation of the low-surface-brightness disk changes through 70°, the gaseous disk 
is coherent, and is at no radius orientated perpendicularly with respect to the central stellar body, NGC 2685 is likely not a classical 
polar-ring galaxy. 
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1. Introduction 



NGC 2685 obtained the name "Spindle Galaxy" from'Sandage' 
(Il96ll) who referred to this object as "perhaps the most unusual 
galaxy in the Shapely- Ames catalogue". The image consists of 
a bright central object elongated from NE to SW. The whole of 
the NE side of the central object is obscured by dust-lanes with 
associated star-forming regions. Dust-lanes and HII regions are 
missing on the SW side. In projection the dust-lanes resemble a 
helical structure, hence NGC 2685 is also often referred to as the 
"Helix". At larger radii an outer stellar ring is visible on optical 
images that appears to have the same orientation as the central 
object. Basic properties of NGC 2685 are listed in Table[T] where 
distance dependent quantities taken from the literature were cor- 
rected for differences in the assumed distances (see Sect. [5]) . 

An inner ionised gas component, rotating rapidly on orbits 
perpendicular to the major axis of the central stellar object, 
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was detected by lUlrichI (|1975|) . She showed that inside radii of 
4'' to 10'' this component is rotating differentially with a pro- 
jected amplitude o f abou t 125 km s"^. This was confirmed by 
Schechter & GunnI (Il978h . who analysed stellar absorption- and 
emission spectra employing long-slit observations along the pro- 
jected major- and minor axes of the central body. Eor the stellar 
component they found a velocity gradient along the major axis. 
They observed that the central galaxy shows non-solid-body ro- 
tation with a projected amplitude of 11 5 km s~ ^ and concluded 
that it is a lenticular galaxy (see also Iwhitmore et al.l I199QI: 
lEmsellem et"aDl2004l) . Iwhitmore et al ] (ll99Qh showed that the 
inner ring structure has an excess luminosity with respect to the 
central body, indicating the existence of a stellar component in 
the inner ring and the helical structure. 

Hence, NGC 2685 is claimed to be a polar-ring galaxy with a 
gaseous- and stellar component that rotates at rather small radii 
on a polar orbit about a central lenticular galaxy. 

Today's picture of NGC 2685 as containing two kinemat- 
ically independent, clearly separated kinematic systems in the 
neutral gas was drawn by Shane 01977 : 1980) and sustained 
in oth er studies by Mahon (1993) and Schinnerer & Scovill^ 
(l2QQ2h . Examining H i synthesis observations of the galaxy, they 
concluded that the neutral gas resides in two separate rings. One 
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Table 1. Basic properties of NGC 2685. 



Description 


Parameter name 




Reference 


Classification of galaxy 


Type 


SBO+ 


de Vaucouleurs et al. 1991 


Right Ascension (J2000) (NED) 


RA 


08^55"^34!75 


NED 


Declination (J2000) (NED) 


Dec 


+58°44'03:'9 


NED 


Optical heliocentric systemic velocity (kms~^) 


^sys 


875.2 + 2.0 


this work 


Distance of object (Mpc) 


D 


15.2 + 3.8 


this work 


Scale between distance on sky and true distance (pc/ ''). 


sc 


74 + 19 


this work 


Apparent B-band magnitude (mag). 


ntB 


12.05 + 0.15 


LEDA rPaturel et al. 2003) 


Apparent I-band magnitude (mag). 


mi 


9.90 + 0.10 


LEDA CPaturel et al. 2003) 


Extinction-corrected apparent B-band magnitude (mag). 


ml 


11.77 + 0.15 


NED 


Extinction-corrected apparent I-band magnitude (mag). 


mj 


9.54 + 0.12 


this work 


Absolute B-band magnitude (mag). 


Mb 


-19.1 + 0.7 


this work 


Absolute I-band magnitude (mag). 


Ml 


-21.4 + 0.6 


this work 


B-band luminosity (10^ L©). 


Lb 


7.0 + 3.7 


this work 


I-band luminosity (10^ L©). 


Li 


15.2 + 7.7 


this work 


Total Hi flux (Jykms'^. 


Fm 


31.4 + 3.1 


this work 


Hi mass (10'^ M©). 


Mhi 


1.7 + 0.9 


this work 


B-band optical radius ( "). 




147 + 30 


LEDA fPaturel et al. 2003) 


Hi radius ("). 


rm 


200 + 40 


this work 


Terminal radius ( "). 






this work 


B-band optical radius (kpc). 




10.8 + 2.7 


this work 


Hi radius (kpc). 


^Hl 


14.8 + 3.7 


this work 


Terminal radius (kpc). 




31.0 + 7.7 


this work 


Rotation velocity at terminal radius (km s~^). 


^ t 


147 + 15 


this work 


Rotation period at terminal radius (Gyr). 


tt 


1.297 + 0.030 


this work 


Dynamical mass (10^ M©). 


Mdyn 


> 155 + 50 


this work 


Ratio of H I mass and B-band luminosity (M© L~^). 


Mhi 

Lb 


0.2 + 0.03 


this work 


Ratio of H I mass and I-band luminosity (M© L~^). 


Mhi 
Li 


0.1 + 0.01 


this work 


Ratio of dynamical mass and H i mass. 


Mdyn 


> 91 + 25 


this work 


Ratio of dynamical mass and B-band luminosity (M© L~^). 


Mdyn 

Lb 


> 22 + 7.3 


this work 


Ratio of dynamical mass and I-band luminosity (M© L~^). 


Mdyn 

L} 


> 10.2 + 3.4 


this work 



is supposedly connected with the dust-lane structure seen in the 
galaxy. The other one at large radii is assumed to be orien- 
tated perpendicularly with respect to the first ring. It seems to 
be aligned with the central stellar body and to rotate at a speed 
of about 150 km s"^. 

The purpose of this paper is to present new observations con- 
ducted with the Westerbork Synthesis Radio Telescope (WSRT, 
Westerbork, The Netherlands) and the 2.5m Isaac Newton 
Telescope (INT, Roque de los Muchachos, Spain). Using our 
H I observations to perform a simple tilted-ring analysis, we ar- 
gue that the picture of NGC 2685 containing two seperate H i 
rings is probably not tenable: we reproduce the H i observations 
by assuming a coherent, warped disk structure of the H i com- 
ponent, in which the orbits are circular. Comparing our model 
to the observations, there is no evidence for significant devia- 
tions from circular orbits, except possibly at the edges of the 
projected central body. Based on these findings we suggest a dif- 
ferent scenario: in addition to the central stellar body NGC 2685 
contains an extremely warped disk of low surface brightness, 
consisting of gas, dust, and stars. Only in projection the galaxy 
appears to have two rings and a central "helix". At large radii 
the gaseous disk shares its orientation with the central lenticu- 
lar galaxy. Since the single low-surface brightness disk is co- 
herent and changing its orientation gradually, NGC 2685 does 
not contain two clearly separated systems with nearly orthogo- 
nal spin vectors. Hence, NGC 2685 is probab ly not a classic po- 
lar ring galaxy as defined by lWhitmore et al.l (1 199(1 a polar ring 
galaxy contains two rotating sub- systems, a disk and a ring or 



an additional disk, of comparable sizes with orthogonal angular 
momentum vectors of similar amplitude; both systems share the 
centre and the systemic velocity and the ring is nearly planar.): 
The rotation curve derived from the H i data resembles a rota- 
tion curve of a spiral galaxy, staying relatively flat out to the last 
measured data point. The shape of rotation curve, in conjunc- 
tion with the extreme warp geometry, indicates that the overall 
potential is not extremely flattened but close to spherical. 



The paper is laid out as follows: In Sect. [21 our observations 
and the data reduction are described. In Sect. [3] we compare the 
appearance of NGC 2685 in the optical and in the H i. In Sect.lH 
we present basic arguments in favour of NGC 2685 possess- 
ing one coherent, warped disk, rather than two separate disks. 
In Sect. \5\ the data analysis via a direct tilted-ring modelling is 
described, the results of which are discussed in Sect.[6l In Sect. [7] 
the possible presence and location of non-circular motions is dis- 
cussed. In Sect. [8] we briefly discuss dynamical implications of 
our kinematical model. Section [9] discusses the detection of pos- 
sible companions to NGC 2685. Section [TOl summarises our re- 
sults and a discusses possible formation scenarios for the pecu- 
liar structure of NGC 2685. Supplementary figures and tables 
are placed in the appendix. 
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Table 2. Summary of observations and data reduction. 
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Name of telescope 






WSRT 




Total on- source integration time (h) 


^obs 




4x 12 




Observation dates 


19-20/12/02, 21-22/12/02, 7-8/01/03, 8 


-9/01/03 


Resolution of data cube 




high 




low 


Weighting scheme 




uniform 


robust 0.4 


Pixel size ( 


dx 


4 




7 


Channel width (kms~^) 


dv 


2.06 




4.12 


Velocity resolution (km s~^) 


FWHMy 


4.12 




8.24 


Half-power-beam- width along the beam major axis ( 


HPBW^aj 


13.7 




28.4 


Half-power-beam- width along the beam minor axis ( ") 


HPBW„,in 


12.0 




25.6 


Beam position angle ( °) 


P-'^beam 


-0.6 




10.6 


rms noise (mJy/beam) in the data cubes 


Crms 


0.42 




0.24 


rms noise per velocity resolution element (10^^ atoms cm~^) 


o-^ 

^ rms 


1.16 




0.30 


Name of telescope/instrument 






INT WFC 




Total on- source integration time (s) 


^obs 




13350 




Observing dates 






26/02-04/03/04 




rms noise in the optical image (mag arcsec"^) 


CTj/ 




25.8 




rms noise in the optical image, 5 CTj-ms -level for a aperture (mag) 






21.3 





2. Observations and data reduction 

2.1. Optical observations 

NGC 2685 was observed with the INT in the i'-band from 
February 26th until March 4th 2004 under non-photometric 
weather conditions. Each night, sky flats and bias frames were 
obtained. Using a series of exposures with a maximum of 400s 
single exposure time while using a wide dithering scheme the 
total on-source observing time amounts to 13350 s. To obtain 
a coadded image from the data we mad e use of the GaBoDS 
Wide Field Imag er reduction pipeline (ISchirmer et al.l l2003l: 
lErben et aDl2005l) . After the overscan- and bias correction, the 
images of each chip were flat-fielded, super-flat-fielded and de- 
fringed on a per-night basis. Non-Gaussian noise-features (cos- 
mic rays, hot and cold pixels) were detected and masked, and 
the single frames visually inspected to apply a manual masking 
or, in some cases, to reject single frames. The images were pho- 
tometrically (relatively) calibrated, background- subtracted and 
co-added, taking into account the sky background variation in 
the single chips and solving for astrometric distortion and for 
the relative sensitivity of the chips b y making use of the USNO- 
A2 standard catalog (Mo netl[r998h . Using average zero-points 
for the WFC, as pubHshe d in the Internet by th e CASU INT 
Wide Field Survey team (iMcMahon et al.l ^OOH) the resulting 
unbinned coadded map can roughly be estimated to have a noise 
level of 25.8 mag arcsec"^ (see Table |2l The obtained image is 
shown in Fig. [T] (upper left panel). 

2.2. H I observations 

NGC 2685 was observed with the WSRT in December 2002 
(2xl2h) and January 2004 (2xl2h, see Table |2]). To ensure a 
good central uv-coverage all observations were done in maxi- 
short configuration. We used a total bandwidth of 10 MHz, two 
parallel polarisations, and 1024 channels in total. T he data un- 
derwe nt a standard data reduction with the Miriad (ISault et al. 
1 19951) software package (for a detailed description see iJozsa 
'2006). The continuum data resulting from a second-order contin- 
uum subtraction with the Miriad-task uvlin were used to correct 
the frequency independent gains by means of self-calibration. To 
enhance the signal-to-noise ratio, we performed a second contin- 



uum subtraction on the self-calibrated data. We used the clean 
table of our continuum image to subtract a continuum model 
from the visibilities (Miriad task uvmodel). Then, we performed 
a first-order continuum subtraction using 550 line-free channels 
(Miriad task uvlin). Before inverting the visibilities we applied a 
Manning smoothing using the miriad task uvfil. Two data cubes, 
a high-resolution (uniform weighting using all baselines) and a 
low-resolution one (Robust weighting of 0.4, using baselines 
of length < 6.4 kA) were produced. The data cubes were de- 
convolved using an iterative CLEAN with appropriate masks. 
The derived total flux for NGC 2685 is in good agreement with 
single-dish measurements ( Richter et al. 1994) , showing that no 
substantial fraction of the flux is resolved out in the Hi ob- 
servations. Representative examples of resulting channel maps 
are shown in Figs. IA.ll and lA.2[ Total intensity maps and first- 
moment maps were generated by first masking the cubes with the 
finally applied clean masks. The resulting high-resolution total- 
intensity map, the low-resolution total-intensity map, and a low- 
resolution moment- 1 map are shown in Fig. [T] A second plot 
of the high-resolution total intensity map and the corresponding 
velocity field are shown in IA.3[ Table [2] gives an overview of 
the observations and related parameters. The quality of our H i 
observations is significantl y bette r than that of former ones by 
"Shane" fmd) and lMahonI (I1992h . IShane (1980) obtains a sen- 
sitivity of 4.5 • 10^^ atoms cm"^ per velocity resolution element 
with a velocity resolution of 27 kms"^ (FWHM) and a beam of 
49 X 57 (HPBW). The high sensitivity is rea ched at t he ex- 
pense of spatial resolu tion. The observations of iMahonI (Il992h 
yielded data cubes (cf. ISchinnerer & Scovilld 1200 2) with a ve- 
locity resolution of 41.4 km s"^ (FWHM) and a sensitivity of 
1.2 • 10^^ atoms cm"^ (1.7 • 10^^ atoms cm"^) per velocity res- 
olution element, depending on the spatial resolution (HPBW: 
35 ''x34 '\ and 13 ''xl 1 respectively). While the spatial resolu- 
tion of our observations is comparable to that of the observations 
of Mahon, the noise level of our data cubes is better by a factor 
of 4 and the velocity resolution increased by a factor of 5 (10 for 
the high-resolution data cube, see Table [J]). 
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Fig. 1. Top, left panel: logarithmic grey-scale plot of the i'-band image obtained with the INT. Top, right panel: Grey-scale plot 
of the high-resolution H I total-intensity map. Bottom, left panel: Low-resolution total-intensity Hi map (contours and grey scale). 
Contours represent the 5, 40, 80, 160 • 10^^ atoms cm"^ levels (see Table|2]). The boxes indicate the region where spectra were taken 
to support the hypothesis that NGC 2685 contains a warped disk (see Sect. |4]). Bottom, right panel: first-moment velocity field 
(contours Vsys ± 0, 40, 80, 120, 140 km s"^) derived from the low-resolution data cube, overlaid on low-resolution total-intensity map 
(grey scale). The approaching side is orientated towards NE. Ellipses in the lower left corner of the Hi maps represent the clean 
beam HPBW. All images are on the same spatial scale. 



3. The relation between stars and ISM in NGC 2685 

The upper left panel in Fig. [T] shows the optical image of the 
Spindle obtained with the INT WFC, while in the top right panel 
a grey- scale plot of the H i high-resolution total-intensity map 
is shown, using the same spatial scale. A comparison by eye is 
sufficient to identify several structures to be present in all maps. 

Firstly, apart from showing the central lenticular body, the 
optical image resembles the integrated H i map in such great de- 



tail that there is little doubt that both stars and gas belong to 
the same structure that exists in addition to the central stellar 
body. Especially the small deviations from axisymmetry, such 
as a hook-like structure to the NE side of the galaxy and a more 
diffuse st ructure towards th e SW side are visible in all images 
(see also »Shandll977[ll980l) . 

Secondly, there is no region completely devoid of stars or gas 
within the projected outer ring. Thanks to the high sensitivity 
of our observations, this is also evident in the high-resolution 
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Fig. 2. Parametrisations of toy model data cubes and toy model total-intensity maps. Top panels: "Flip model". The orientation of 
the disk flips at a certain radius, the minimum requirement in order to speak of a two-ring or two-disk system in NGC 2685. Bottom 
panels: "Warp model". Here a coherent but heavily warped disk is assumed. Left: surface brightness profile, rotation curve and disk 
orientation. SD: Hi face-on column density/surface mass density. VROT: rotation velocity. INCL: inclination. PA: position angle. 
R: radius. Middle: three-dimensional visualisations of the disks. Right: Toy model total-intensity maps. The lines trace the track 
along which the spectra in the position- velocity diagrams (PV-diagrams) shown in Fig. [3] are traced. 



Hi map (Fig.[TJ top right panel), where beam-smearing eff'ects 
can be excluded to cause the appearance of a filled inner region. 
This means that the galaxy possesses an extended disk or, being 
a rather implausible option, a stellar and gaseous halo that does 
not belong to its inner bright lenticular stellar body. 

Thirdly, looking at the high-resolution Hi map (Fig.[TJ top 
right panel), it seems that the helical structure is also present 
in the H i component. Apparently, the H i follows the dust-lane 
structure like Hi follows spiral arms in spiral galaxies. As the 
H I component is optically thin, the spiral-arm structures can be 
seen on both sides of the galaxy. Using integral-field emission 
line spectra from the SAURQ N survey dEm sellem e t'aP |2004|) 
and the H i data presented here, Morganti et alj (i2006) show that 
the neutral gas h as an ionised counterpart towards the centre (see 
also lUlrichlll975t) of the galaxy and that in the overlap region the 
ionised gas shares the kinematical structure of the H i. 



It can be concluded that the H i component in the galaxy be- 
longs to one or two structures, distinct from the central stellar 
body, which contain molecular, neutral, and ionised gas, dust, 
and stars. The distribution of all components follows the H i dis- 
tribution. At the largest radii beyond the outer projected ring, 
the H I maps show a disk-like extension that cannot be seen in 
the optical image, possibly due to insufficient sensitivity in the 
optical obser vations . The outer disk is not detected in the ob- 
servati ons ofiShand (ll98Ql) but is eviden t in the work of lMahorJ 
(Il992h and lSchinnerer & Scovilld (l2QQ2h . 



4. The warped structure of the gas disk of 
NGC 2685 

It has been argued that the Hi component of NGC 2685 
consists of two rings (IShand I1977L 1 19801: iMahonI 119921: 
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ISchinnerer & Scovin3l2002h . For a number of reasons, we be- 
lieve that this is probably not the case. 



The spectral and integrated appearance of the H I component 

Our main point is that the total H i appearance and the kinemat- 
ics as observed in the H i component of NGC 2685 are not well 
matched with two disjunct rings or disks. 

To demonstrate this, we constr ucted two t ilted-ring models 
using our software TiRiFiC ( Jozsa et al.ll2QQ7L hereafter Paper 
I). These represent a galaxy as a set of thin, mutually inclined 
rings projected on a data cube. The model parametrisations and 
3-d realisations of the toy models are shown in Fig. [31 For the 
first toy model ("flip model") it is assumed that the Hi disk 
of NGC 2685 flips at a certain radius. The other model ("warp 
model"), has a smooth transition from one disk orientation to 
the other. Figure [2l displays the total-intensity maps of the two 
models. Both models were kept as simple as possible, while by 
changing the model parameters by hand a rough match with 
the observations was achieved. Both models require an Hi de- 
ficiency towards the centre to reproduce the central Hi "hole". 
Comparing to the original total-intensity map (Fig.O, the shape 
of the outer ring and the intensity distribution along the ring is 
clearly better represented by the warp model. While in the flip 
model an elliptical ring is produced, the shape of the outer ring 
is properly reproduced and deviates from a perfect ellipse in the 
warp model. This is due to projection efl'ects only. The intensity 
maxima on the minor axis of the ring are highly concentrated at 
the position where the two disks adjoin in the flip model, while 
in the warp model they are smoothed out along the outer ring 
as is the case in the observed total-intensity map. The difl'use 
appearance of the projected surface brightness at the major axis 
positions is also seen in the warp model, while it is not in the flip 
model. 

The strongest argument against a sudden flip in the H i disk 
of NGC 2685 concerns the kinematics. Figure [3] shows position- 
velocity diagrams (PV-diagrams) along the lines shown in Fig. [2] 
calculated from the original low-resolution data cube and the two 
toy model data cubes. Every discontinuity in the disk orienta- 
tion causes a gap between the spectral features that belong to the 
single constituents, as is the case for the flip model. There is 
no connecting feature to be seen between the intensity maxima 
belonging to the "outer ring" (intensity peaks closer to the sys- 
temic velocity) and the intensity maxima belonging to the "inner 
ring". The PV-diagrams taken from the original data cube and 
from the warp model show this connection. The superior qual- 
ity of our observations, in this case the high spectral resolution, 
enables us to ensure that the connection of the intensity peaks in 
the PV-diagram of the original data is a real feature and not due 
to resolution efl'ects. 

Under the assumption of the presence of two kinematically 
disjunct rings, strong streaming motions have to be invoked to 
give rise to the connecting feature (Fig. [S]). We analysed 18 
spectra at equidistant positions on either side of the centre of 
the galaxy. They were chosen to show the connecting feature 
in the PV-diagram of Fig. [3l The spectra were taken from our 
low-resolution data cube, at the positions of 2 x 9 adjacent pixels 
indicated by boxes in Fig.[T] The co-ordinates of the correspond- 
ing positions are listed in Table lB.ll in the appendix. Fig.|4]shows 
two example spectra, extracted at the centre of the boxes. Like 
the example spectra, all spectra show the same features, two in- 
tensity peaks are visible, connected at a lower intensity level. 
Under the assumption that two separate rings are observed in 
NGC 2685, the positions of the peak closer to the systemic ve- 




+700 



Angular Offset 



+ 1000 



'o 

> 



+900 



+800 



+700 




Angular Offset 




+700^ 

-2' -1' 0' 1' 2' 

Angular Offset 

Fig. 3. PV-diagrams along the lines across the minor axis of 
the inner ring shown in Fig. [2l Top panel: taken from the flip- 
model data cube. Middle panel: taken from the original data 
cube. Bottom panel: taken from the warp-model data cube. The 
ellipses in the lower left corners denote the clean beam major 
axis (HPBW) and the velocity resolution (FWHM). The warp 
model is able to reproduce the connecting feature indicated by 
the ellipses, while the flip model is not. 
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Fig. 4. Spectra taken from the low-resolution data cube at the 
positions indicated by the boxes in Fig. [T] Black: the original 
spectrum. Light grey (green in online version): fitted Gaussians. 
Dark grey (red in online version): residual after subtracting the 
fitted Gaussians from the original profile. The velocity diff'er- 
ences AVi^sys, AVi^max, AVi^buik, Ayo,max, Ayo,buik are used to quan- 
tify the amplitude of hypothetical streaming motions (see text). 
Top: spectrum derived at RA 08^55^28?304, Dec 58°44'30y98 
(J2000). Bottom: spectrum derived at RA 08^55^40? 893, Dec 
58°43'34r99 (J2000). 



locity mark the line-of- sight velocity of the outer ring and the 
other peak positions the line-of-sight velocity of the inner ring. 
If all emission would stem from gas on regular orbits, one ex- 
pects the shape of both emission features to resemble a Gaussian. 
The rotation velocity of NGC 2685 at a distance of 10'' from 
the centre is already comparable to the overall rotational ampli- 
tude of the galaxy (Ulrich 1975; Shane 1980). Inside that radius 
NGC 2685 is devoid of H i. Thus, the assumption is well justi- 
fied. In the two-ringed picture, gas at intermediate velocities be- 



longs to one of the rings, but does not follow the regular orbits of 
the inner or the outer ring. To separate the anomalous gas com- 
ponent from the regular gas component we fitted two Gaussians 
to the peaks, and subtracted them from the spectra (Fig. |4l). 
From the peak positions of the fitted Gaussians and the veloc- 
ities at 20 percent of the peak intensity level of the residuum 
we calculated the projected bulk- and maximal excess veloci- 
ties of the anomalous component with respect to the assumed 
regular components (see Fig. |4l). We also calculated the total 
flux contained in the residuum and in the fitted components (see 
Table IB. 1 1 in the appendix). On average, if the excess component 
would belong to the outer ring, our analysis would indicate a 
bulk excess velocity of the anomalous component of AVo^buik = 
56 ± 6 km s"\ reaching on average Ayo,max = 88 + 12 km s"^. If it 
would belong to the inner ring, the average bulk excess velocity 
would amount to AVi^buik = 48 ± 6kms"\ reaching on average 
Ayi,max = 80 ± 13kms"^ The mass of the anomalous compo- 
nent compared to the mass contained in the outer ring averages 
to i^Hi,e/^Hi,o = 0.6+0.4. Compared to the mass contained in the 
inner ring it is on average i^Hi,e/^Hi,i = 1.1 ± 0.6. The projected 
velocities of the assumed excess component reach more than two 
thirds of the assumed projected rotation velocity of either ring 
and are on average at a level of nearly half the assumed rotation 
velocity (for the inner ring we assumed 130 km s"^ as the pro- 
jected rotation velocity, for the inner ring we directly determined 
AVi^sys from the spectra, see Fig. |4l). We thus conclude that the 
hypothesis that the H i in NGC 2685 has the structure of two dis- 
connected rings or disks would require the presence of massive 
streaming motions to explain the spectral appearance of the H i. 
This would, howe ver, contradict the lack of en hanced star forma- 
tion in the galaxy (ISchinnerer & Scovilldl2002 ). Hence, an anal- 
ysis of our spectral data cube renders this hypothesis improbable. 
We also remark that it would state a strong coincidence to detect 
gas with such strong deviations from the regular component at 
the junction of the projected rings. This would not contradict the 
two-ring hypothesis but weakens it even further. The assumption 
of a strongly warped Hi disk qualitatively fits the observations. 
We thus conclude that the (spectral) appearance of NGC 2685 is 
best compatible with the assumption that it is caused by geomet- 
rical eff'ects. In the following section (Sect. [5]) we show that we 
can reproduce the data cube in great detail under that assump- 
tion. 

For the ionised gas disk of NGC 2685, the w arped structure 
of the helix has already been documented by [Nicholson et al.l 
(19871). 

Further support for the warp hypothesis comes from opti- 
cal measurements, mainly showing that the H i structure is also 
found to be present in stars and dust (see also Sect. [3]). 



The dust lanes 

The appearance of the dust-lanes obscuring the whole NE part 
of the central body is inconsistent with a single central ring. 
The simplest way to explain the shape of the dust-lanes would 
be to assume a strong warp in the associ ated component. This 
was already realised by othe r authors (e.g.lSimonson & Tohlind 
119831: [Nicholson et al.| [T987l: iTaniguchi et al.l ll99Q^ and agrees 
well with our suggestion that the inner low-surface brightness 
component of NGC 2685 is a heavily warped disk. 



The outer disk and the filled inner ring 

Beyond the outer apparent H i-ring NGC 2685 possesses a dif- 
fuse, extended structure, most likely a disk (since it shows a 
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rotational signature in the velocity field, F i g. [B The outer 
disk has already been detected by 'Mahon| (Il992h . As men- 
tioned above, another feature directly evident in the HI maps 
is that inside the outer apparent H i-ring no empty regions are 
found (Sect. [3]). This is especially true for the optical image 
and the high-resolution HI total-intensity map (Fig. [H upper 
right panel), which have a sufficient resolution and sensitivity 
to detect such holes. If the central Hi structure was a polar 
ring, we have to assume in our flip model a filled inner region 
of low-surface brightness, orientated like the outer ring, lead- 
ing to a quite implausible surface-brightness profile in the flip- 
model (Fig. |2l top left). While it has been suggested that the 
outer projected ring could be a resonance feature reacting to the 
central stellar body, which w ould then be a bar-like structure 
(ISchinnerer & Scoville'2002V the stellar velocity field published 
by lEmsellem et al. ( 2004) leaves not much doubt that the central 
stellar body is a diff'erentially rotating disk as has already been 
found by Schechter & Gunni (il978) . Under the assumption of a 
polar ring, the same very peculiar surface brightness profile in 
the gas and in the stars would be required to fill in projection 
the area inside the projected outer ring. Assuming a warp, this 
is not the case, the required schematic surface brightness profile 
(as shown in Fig. [51 bottom left panel) resembles that of a normal 
disk galaxy. 

The arguments given above make it plausible to draw the fol- 
lowing picture: NGC 2685 contains a stellar- and gaseous disk 
that shares typical characteristics with the disks of spiral galax- 
ies. However, the disk is extremely warped and NGC 2685 owes 
its two-ringed appearance to projection eff'ects. Apparently, the 
helical structure consists of dust-features made up by spiral arms 
that are wrapped around the central body in a w arped^structure. 

Cases of extreme warps are not unknown. ISchwarzl (Il985|) 
quantified the structure of the warp in the large spiral galaxy 
NGC 3718. It shows an extreme warp in its stellar and gaseous 
disk that changes its orientation by nearly 90°. In this galaxy, 
that has a diff'erent orientation and does not appear ring-like in 
projection, the warp is already evident through the appearance 
of dust-lanes in optical photographs. I n a sim ilar approach as 
presented above, lArnaboldi & Gallettal (Il993h showed that the 
galaxy NGC 660 probably has a very simple disk structure with a 
warp of a large amplitude. Several cases of extremely warp ed H 



disks in gas-rich early type g alaxies are known (Morgant i et al 
19971: JOosterloo et al.' '20oi ISerra et al.1 120061: FOosterloo et al 



20071: ISparke et al. 2008), suggesting that warps of large ampli- 
tude could be a common feature among this type of galaxy. Also, 
the kinematical decoupling of the inner stellar- and gaseous 
con iponents is not a n uncommon feature for early-type galax- 
ies (ISarzi et al.ll2006h . 



5. Tilted-ring modelling 

After having argued that there are reasons to believe that the 
Hi (-and optical) disk of NGC 2685 is heavily warped, we 
present our attempts to fit a full tilted-ring model to the data 
cube. Due to the assumed warp, the projections of the orbits are 
very crowded at some positions. It is impossible to disentangle 
this orbit crowding employing any tilted-ring analysis of a ve- 
locity field (see discussion in Paper I). Instead, we perform a 
direct, automated fit to the data cube with our software TiRiFiC. 
Si nce the software is described in great detail in Papers I and 
II d Jozsa et al."2007'; 'J6zsal l20Q7l) . we refer to these papers and 
to Fjozsa (2006) for details of the analysis procedure. The low- 
resolution data cube was analysed first using a spacing of ring 
radii of 20 The centre of the galaxy, the systemic velocity, the 




^iffWidi-ja* ifi*La^ 

Fig. 5. "Inclinogram" of the NGC 2685 overlaid on the original 
total intensity maps: the ellipses mark the projection of the rings 
at radii of 36'^ 60'', 84'', 108", 140", 180", 240", 320", and 
400" on the celestial plane, grey lines mark the kinematical ma- 
jor and minor axes. In light grey (red in the online version) the 
kinematical major axis in the receding part of the galaxy is plot- 
ted, in dark grey (blue in online version) the kinematical major 
axis of the approaching part. 



velocity dispersion, and the scale height were kept as free param- 
eters, but were not allowed to vary independently from ring to 
ring. For each ring, the surface-brightness, the orientational pa- 
rameters, and the rotation velocity were varied independently. To 
estimate errors, independent fits to the receding and approaching 
side were performed. The errors were calculated as the maxi- 
mum deviation of the parameters from the fits to the approaching 
and the receding side from the earlier fit to the entire galaxy. The 
errors of the central position, scale height, the systemic velocity 
and the global dispersion of the galaxy can be very roughly es- 
timated to be less than 6" and 2 kms"^ respectively, roughly 
corresponding to half the (minor-axis) FWHM of the resolution 
for the high-resolution data cube (concerning the accuracy of the 
applied method see Paper I). In a few cases, where the errors cal- 
culated were obviously too large or too small, the data were visu- 
ally inspected and errors were estimated by varying the param- 
eter in question and comparing resulting model data cubes with 
the original data cube. This was only necessary for some data 
points at the largest and the smallest radii. To refine the spatial 
resolution in the inner regions of the galaxy, the high-resolution 
data cube was used. Up to a radius of 108", where all parameters 
vary rapidly with radius, the spacing of the ring radii was refined 
to 12". The finally resulting fit is shown in Fig.[6l Figure [5] il- 
lustrates the geometry of the fitted disk by means of an "inclino- 
gram", projecting the rings onto the celestial plane. Analysing 
the high-resolution data cube, it was found that the H i surface 
brightness inside a radius of 10" - 15" was negligibly small. 
Therefore, the orientational parameters are not constrained at the 
origin. We consider our model and the formal errors reliable be- 
yond the third data point (at a radius of 36"). Figure lAJl in the 
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Fig. 6. Tilted-ring parametrisation of the Spindle galaxy. SBR: surface brightness (upper limits only for the first two data points). 
VROT: rotation velocity. INCL: inclination (unconstrained at origin). PA: position angle (unconstrained at origin). R: radius. The 
vertical line denotes the optical radius r25 . 



Table 3. Global best-fit tilted-ring parameters of NGC 2685. Error in systemic velocity and dispersion: 2.0 km s ^ . Error in position 
and scale height: 6.C = 450 pc. 



Descr. 


Par. 






Right Ascension (J2000), fitting results 


RAfit 


08^55^ 


^34^92 


Declination (J2000), fitting results 


Decfit 


+58°44'04r4 


Right Ascension (J2000) from NED 


RAned 


08^55^ 


^34^75 


Declination (J2000) from NED 


Dccned 


+58°44'03r9 


Heliocentric optical systemic velocity (kms~^) 


^sys 


875.2 


Type of data cube used for analysis, high-resolution or low-resolution 


high 


low 


Dispersion (kms~^) 


^disp,tot 


9.8 


10.2 


Internal dispersion, instrumental dispersion subtracted (kms~^) 


^disp,int 


9.6 


9.6 


Global scaleheight 


zo 


5.4 


3.0 


Global scaleheight (pc) 


^0 


400 


220 



appendix shows contour-plots overlaying the low-resolution data 
cube with the corresponding synthetic data cube. Eigure[7] shows 
overlays of corresponding moment maps of the original data and 
the synthetic ones and PV-diagrams along the kinematical major 
and minor axes as traced in Eig.[5] All comparisons show a very 
good agreement of measurement and model out to largest radii 
until the HI distribution in the galaxy becomes asymmetric. The 
tilted-ring model is able to reproduce both the kinematics and the 
surface-brightness profile of the H I component in NGC 2685 in 



great detail, despite the peculiar structure of NGC 2685. Table [3] 
lists the finally adopted global parameters of the model. Internal 
velocity dispersion (the velocity dispersion of the Hi disk it- 
self after subtracting instrumental eff'ects) and scale height are in 
good agreement for both fits. Table IC. ll contains the radially de- 
pendent best-fit parameters; in addition, for a simplified further 
use, it lists the normal vectors of the rings as derived quantities. 

To estimate some of the global physical parameters shown 
in Tab.[Tl the Tully-Eisher relation was applied to derive the dis- 
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Fig. 7. Top panels: total-intensity contour plots (left panel) and first-moment velocity fields (right panel) derived from the low- 
resolution data cubes (dark-grey, blue in online version: original, light grey, pink in online version: model) overlaid on a total- 
intensity grey-scale map derived from the observed data cube. The ellipse in the lower left corner represents the clean beam. The 
contours represent the 5, 20, 80, 160 • 10^^ atoms cm"^ levels and the Vgys ± 0, 40, 80, 120, 140 kms"^ levels respectively (see Tab.©. 
Bottom panels: PV-diagrams comparing the final best-fit models (light grey contours, pink in online version) with the original low- 
resolution data (dark grey contours, blue in online version, and grey scale image). The vertical line marks the systemic velocity. The 
ellipses in the lower right corners denote the clean beam major axis (HPBW) and the velocity resolution (FWHM). Bottom left: 
PV-diagram along the kinematical major axis (see Fig. [5]), the boxes connected with the lines denote the rotation curve corrected for 
the inclination. Bottom right: PV-diagram along the kinematical minor axis (see Fig. [5]). Contour levels are 0.5, 4, 10 mJy/beam. 



tance of NGC 2685 following I s^ai et al.l (|2000', SakOO) , treat- 
ing the galaxy like a spiral galaxy. We used equation 1 1 in SakOO 
to estimate the total extinction-corrected I-band magnitude of 
the galaxy. To correct for inclination, the Hi 50% line width 
was derived by changing all modelled inclinations to 90° and 
determining a line width of 320 ± 23kms"^ by artificially ob- 
serving NGC 2685 as if observing an edge-on disk. The appar- 
ent I-ba nd magnitude o f 9^9 + 0^1 (see Tabled was taken fr om 
iPrugniel & Heraudeaul (1 19981) as Hsted in lPaturel et aP (l2003h . A 
(marginal) k-correction was applied and the magnitude was cor- 



rected for Galactic (0^121, NED, following"SchlegeletalJll998|) 
and internal extinction. For the latter, we use a 20%-linewidth of 
306 ±17 km s"^ (not corrected for inclination), derived from our 
m odel data cube, w hich compares well to 298 km s~^ published 
bv lvanPriel et al.1 (Table 2, from lRichter et al.lll994 Table 1), 
and the logarithmic axis ratio \og(a/b) = 0.21 + 0.0 6 (LEDA, 
Patureletal. 2003) to apply formula 2 (iTullv etal.| fl998) in 
SakOO. This yields a Tully-Fisher distance of 15.2+3.8 Mpc. The 
large error mainly arises from the conservative errors in the 50%- 
line width and the axis ratio log(a/b) that is used to estimate 
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Fig. 8. Tip-LON plots for the H i disk of NGC 2685. Left and right panel: tip-LON plots fsee lBriggslfToOQl and Paper II), the filled 
circles are the projection of the tip of the normal vectors of the rings at diff'erent radii onto a reference plane; the centre of the 
galaxy is denoted by a larger circle. The circles are drawn at intervals of 10°. Left panel: The reference plane is the ring at a radius 
of 36'', the arrow indicating the direction of rotation. As NGC 2685 does not contain an inner flat disk, this ring was chosen to be 
representative to check for the third rule of iBriggsl 11 990). Middle panel: linear representation of the tip-LON plot shown in the 
left panel. R ight panel: the reference plane is chosen such that two straight LONs are roughly visible, resembling the fourth rule of 
IBriggsl (IT990) . At larg er radii the dots are clustered around the same position, indicating an outer planar disk. 



dust extinction. We find this result to be well in agreement with 
a distance estimate using a Hubble constant of 72 km s"^ Mpc"^ 
yielding distances of 13.9 Mpc (corrected the solar motion rela- 
tive to the CMB) and 13.4 Mpc (corrected for the solar motion 
relative to the Local Group) with the inherent uncertainty of the 
peculiar motion of the galaxy. Therefore, we consider the usage 
of the Tully-Fisher relation a valid method to estimate the dis- 
tance to NGC 2685. 



6. The structure of the warp 

The tilted-ring model shown in Fig. [6] is visualised in various 
forms in Figs. [51 (8] and Fig. [9l Our findings again support our 
picture drawn in Sect. IH a sudden change in orientation, as 
would be expected in case of the presence a distinct polar struc- 
ture, should be reflected in our parametrisation resulting from 
a free fit. In contrast, we find that the best-fit model is similar 
to the warp toy model sh own in Sect. IH As is the case for the 
spiral galaxy NGC 3718 (ISchwarzl 'T985). the gaseous disk of 
NGC 2685 changes its orientation continuously from the inner- 
most radii onward, and then becomes remarkably flat towards 
large radii. For the innermost 12'' - 36'', however, no reliable 
information can be derived from the data, as obviously the gas 
becomes ionised towards the centre of the galaxy. 

Towards the centre the H i disk changes its orientation con- 
tinuously. Therefore, it has a difl'erent quality compared to warps 
in common disks of spiral galaxies, which show an inner flat 
part, the bending occurring at larger radii (Briggs 1990). It is, 
however, remarkable that nevertheless some typical warp fea- 
tures seem to be reproduced (for a brief review on the proper- 
ties of H I wa rps see Paper II). Figure [8] shows tip-LON plots 
(Briggs 1990), a projection of the spin normal vectors of the disk 
onto a reference plane. In the left-hand panel this plane is cho- 
sen to be the orbital plane at a radius of 36", the first radius at 
which we consider the parametrisation being reliable. Our anal- 



ysis indicates that - in this reference frame - quite some portion 
of the inner disk shares a common line-of-nodes: with increas- 
ing radius, in the chosen projection, the LON-angle is constant 
within the errors (see Fig. (8] middle panel). For spiral galaxies 
the same feature is observed when choosing the flat inner disk 
as a reference pla ne and is indi cative of co-precession in the in- 
ner warped disk (lBriggslll990h . We emphasise that this feature 
depends on the choice of the reference plane: the same feature 
would not be observed choosing the orbital plane of the outer flat 
disk as reference. A rapid change of the direction of the LON 
occurs at a radius of 100". At larger radii (> 120"), the data 
points fall into the same region, such that in the outer region 
they share the same LON angle again. Consistent with obser- 
vations of normal warps, the LON advances in the direction of 
galactic rotation (Briggs 1990, Paper II), i ndicating an outwards 
decreasing torque ( Shen & Sell wood 12006) . The right panel in 
Fig. [8] illustrates that also for NGC 2685 a reference plane can 
be found that divides the H i disk into two parts, connected by 
a sma ll tran sition region, with a comparably constant LON an- 
gle ( BriggsllT99(i Paper II). The implication made for warped 
disk galaxies is that the disk is divided in tw o connected regions, 
each of which is in a state of co-precession (iRevaz & PfennigeJ 
120011) . The top panel of Fig. [9] shows the mutual inclination of 
the spin vectors of the disk. Beyond a radius of 100", the val- 
ues in this diagram are consistent with being zero, meaning that 
NGC 2685 possesses a flat outer disk, as illustrated in an opaque 
3d-model based on our best-fit parametrisation shown in the bot- 
tom panel Fig. [9l This is also evident from the clustering of the 
data points at larger radii in the tip-LON plots of Fig. [8] and the 
fact that the orientational parameters of the tilted-ring parametri- 
sation (Fig. [6]) do not change within the error bars. The occur- 
rence of the flat outer disk is a feature that has been previously 
found to be present in some warped disk galaxies (Paper II and 
references therein). 
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Fig. 9. Top panel: "tiltogram" of NGC 2685. This is a pixel 
map showing the mutual inclination of rings at different radii 
(see Paper II). Bottom panel: three-dimensional model of the H i 
disk of NGC 2685 according to the best-fit tilted-ring model. 
The model is rotated and artificially made opaque to show again 
the presence of an outer planar disk. 



Since the warped structure of the gas disk indicates that 
the galaxy is not a typical polar-ring galaxy as defined by 
IWhitmore et al.l ('1990), the question arises to which degree a 
polar orbit is reached at all in this system, either with respect 
to the outer disk or with respect to the central stellar body. 
Figure [8] shows that at least for radii > 36' \ a polar orientation 
of outer and inner H i disk is not compatible with our model. 
The outer disk, assumed to be flat, is inclined by 75° with 
respect to the disk at a radius of 36'' . This is remarkab ly con- 
sistent with the same value found by ISarzi et aL l (l2QQ6h for the 
mutual inclination of the central stellar body and ionised gas disk 
of NGC 2685 (see also Nicholson et al. 1987). Our analysis dis- 
favours the hypothesis of a true polar structure at radii > 36'', at 
smaller radii our model b ecoming unreliable. However, the re- 
sults of lSarzi etal can be interpreted as evidence against 
a polar orientation in the central, ionised part of the gaseous disk. 

7. Non-circular motions 

The previous sections showed that the kinematics of NGC 2685, 
as they appear in projection, can be well represented by the 
tilted-ring model. However, beacause of the peculiar structure 
of NGC 2685, the kinematics of the gas disk of the galaxy is ex- 
pected to show deviations from the assumed symmetry. The or- 
bits of any tracer material are expected to deviate from circular- 



ity. Given the lack of appropriate analysis software to deal with 
non-circular motions in extremely warped cases like NGC 2685, 
we have to restrict ourselves to a brief discussion at a phe- 
nomenological level. 

Figure \TU\ shows the residual obtained when subtracting 
the first-moment velocity maps derived from the low-resolution 
original- and the model data cube for NGC 2685. In such a map, 
systematic patterns indicate a mismatch of the model and mea- 
surement. Such a mismatch can be due to i) a wrong fit, ii) an in- 
compatibility of morphology and/or kinematics of the observed 
structure with the assumed tilted-ring symmetry, or iii) an er- 
roneous calculation of the weighted mean recession velocity in 
the noisy observed data cube. We cannot provide any indepen- 
dent tests for the accuracy of our fit method. Hence we cannot 
exclude that residuals in velocity arise from a wrong fit (if they 
are of first-order harmonic nature). However, extensive tests (see 
Paper I) suggest that for the given geometry of the H i disk, such 
errors are unlikely (for radii > 1.5-2 synthetic beams) to show 
up in the residual velocity field. The single obvious feature in 
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Fig. 10. Diff'erence- or residual velocity map derived by sub- 
tracting the model first-moment map from the original first- 
moment map. Overlaid are the projected rings of the best-fit 
model at radii 12", 36", 60", 84", 108", 140", 180", 240", 320", 
and 400". Apart from the antisymmetric feature between a ra- 
dius of 30" and 70", no significant deviations of modelled and 
measured velocity field are seen. 



the residual map is located at the tip of the inner stellar body, 
roughly within a radial range between 48" and 60", and is of an- 
tisymmetric nature. An interpretation can, however, only be of 
a speculative nature: we use a primitive approach as NGC 2685 
is probably a dyna mically complex case. Using epicyclic theory, 
iFranx et aP (1 19941) connect an antisymmetric deviation from cir- 
cular symmetry in the radial velocities to a symmetric distortion 
in the potential, hence a bar or an elliptic potential. However, the 
basic assumption made therein is that the disk is flat, which is 
obviously not the case for NGC 2685. Another, straightforward. 
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suggestion would be that we witness (vertical) precession, which 
would cause a first-order harmonic distortion in radial velocity 
along a ring. With the (symmetrically) warped nature of the disk, 
precession does not seem unlikely. We emphasise, however, that 
the observed deviation of observed and synthetic velocity field 
can also be caused by a purely morphological asymmetry in the 
tracer material. Given the line- widths at the radii concerned (see 
Fig. [7]), over which the velocities are calculated as an intensity- 
weighted mean, this is also a possible option. Since the feature 
seen is very localised, we prefer this interpretation. 

Except for the very localised axisymmetric feature in the 
vicinity of the central stellar constituent, the residuals are low 
compared to the rotation velocity. Also the direct comparison of 
our model with the data (Figs. 171 lAJl) shows that we reproduce 
the data in great detail, without obvious systematic deviations. 
In the presence of large deviations from the ci rcularity of orbits , 
those would usually be ex pected to show up (iFranx et al.ll 19941: 
ISchoenmakers et anil997l) . Hence, in the scope of our model, 
we find no obvious evidence for a global deviation from the 
tilted-ring symmetry and, with that, for a significant global non- 
circularity of orbits. 

Especially the suggestion that the outer projected ring could 
be a real accum ulation of gas and stars at an outer Lindblad res- 
onance of a bar (ISchinnerer & Scovilldl2QQ2 f) does not fit our re- 
sults. While a change of position angle and inclination in a tilted- 
r ing model can be indicative for a bar ( Schinnerer & Scoville 
[2QQ2h . streaming motions would leave a distinct large-scale im- 
print on the re sidual velocity field sho wn in Fig.O which is not 
seen (see also lErwin & Spark3l2003l) . 

Our fitting results would certainly be improved including an 
appropriate treatment of noncircular motions, like allowing for 
azimuthal variations of velociti es along the sight dFranx et al.l 
ll994l:[Schoenmakers et al.ll 1997b . On the other hand, our simpli- 
fied treatment indicates that there is probably not much room for 
a large amplitude of harmonic terms indicative for non-circular 
motions, provided there is no significantly diff'erent parametrisa- 
tion that reproduces the data equally well. In Sect.lH we discuss 
that at least a two-ringed solution seems improbable, but we are 
not able, technically and principally, to search the complete pa- 
rameter space to exclude the existence of such a solution. 

8. Dynamical considerations 

While polar-ring galaxies are not frequent (IWhitmore et al.ll 19901 
calculate a detection rate of roughly 0.5% among all nearby, 
lenticular galaxies, and estimate a fraction of 4.5% of all nearby, 
lenticulars to have a polar ring), they are subject to quite some 
interest. Their kinematics contains information about the three- 
dimensional shape of the overall potential, since the orbits of the 
observed tracers (stars and gas) do not share a common plane of 
motion. The same accounts in principle for a galaxy with an ex- 
treme warp in a low-surface-brightness disk in co-existence with 
a rotating, central stellar body. The main purpose of the paper is 
to present our observations and the consequent kinematical de- 
scription of NGC 2685, while a detailed dynamical treatment 
under consideration of further data will follow in a diff'erent pa- 
per. 

Here, we briefly discuss some implications of our tilted-ring 
model concerning the dynamics of the object. 

8.1. The age of the low-surface brightness disk 

Our analysis indicates the presence of a relaxed H i disk at large 
radii, rotating regularly with a rotational period of 1.3 Gyr (see 



Table [TJ. The coherence in the Hi disk of NGC 2685 suggests 
that its major portion has been acquired in a single event in the 
evolution of NGC 2685. Due to the fact that a settling onto reg- 
ular orbits requires a few orbital periods, this implies an age of 
several Gyr of the warped Hi disk of NGC 2685. In line with 
this is the observation that the orientation of the outer H i (- and 
stellar) disk of NGC 2685 has the same orientation as the in- 
ner lenticular stellar body, sugge sting a connec tion of the outer 
gaseou s and stellar dis k ( Morg anti et al I l2006l) . Following that 
notion, 'Morg anti et al.l ( 2006) proposed that the warp of the in- 
ner low-luminosity disk formed in a later event. 

Optical observations, howe ver, suggest that the warp is a 
long-lived configuration. Peleti er & Christodouloul (Il993h esti- 
mated the age of the stellar population in the helical structure 
to lie between 2 and 5 Gy r, depending on metallicity. Following 
lEskridge & Poggd (Il997h . who found a solar abundance, the age 
of the stars in the helical structure is abo ut 2 Gyr. The most re- 
cent estimates by iKarataeva et al.l (l2004l) point to a low metal- 
licity typical for a dirr or an LSB galaxy, which corresponds to 
a larger age of the helix, possibly reaching the age of the outer 
disk inferred from the rotation period. A further argument for 
the longevity of the warped structure comes from the analysis 
of our model parameters, that suggest a co-precession within the 
helical structure, as indicated by the straight LON angle in the 
region of the inner warp (Sect. [51 Fig. [8]); the signature of a tran- 
sient warp would be a gradient in the LON angle due to a rapid 
wind-up through diff'erential precession. 

8.2. The kinematical model and the shape of the potential 

The low- surface-brightness component in NGC 2685 tends to- 
wards a polar orientation at small radii, while at large radii the 
disk is aligned with the central stellar body. The age estimates 
for the helical structure point towards the fact that this fea- 
ture is long-lived (see previous section). Without being conclu- 
sive, we discuss possibilities to explain the warped low-surface- 
brightness component as a long-lived feature. 

It had already been pointed out by 'Simonson & To hlini 

(»1983l) that NGC 2685 could contain an extremely warped com- 
ponent stabilised under the influ ence of a prol ate, tumbling po- 
tential. This was motiv ated by ITohline & Durisen (1982) and 
Ivan Albada et al.l (Il982 l). who found that under the influence of 
such a potential the gas would settle into a stable extremely 
warped plane. The tumbling of the potential would be neces- 
sary to prevent the definition of two separate planes in which 
orbits stable a gainst di ff^erential precessio n are possible (see e.g. 
IWhitmore eFa l. 1990; Reshetnikov et al.| [l994). ultimately lead- 
ing to a break-up of the warp. Since the central stellar object at 
that time was not clearly identified as a "pancake", the alterna- 
tive, an elliptical galaxy tumbling with a rotation axis orientated 
towards the pole of the outer d isk could explain the shape of 
the warp (see also Varnas 1990; Peletier & Christodouloull 19931: 
iBekki & Freemanl l2002). While the nature of the central object 
as a lenticular galaxy has been clarified, the possibility remains 
that nevertheless the overall potential is triaxial and tumbling, 
which would lead to the observed structure. Consequently, the 
central lenticular galaxy would be subject to the same devi- 
ation from axisymmetry in the potential. Therefore, its kine- 
matics should show accordingly oval distortions. We remark 
that such deviation is not reported in the literature despite the 
existence of high-resolution stellar absorption line kinematics 
(Emsellem et al. 2004). The absorption-line velocity-field pub- 
lished by lEmsellem et aP ((2004) does not show obvious signa- 
tures of deviations from axial symmetry indicative for an oval 



14 



G. L G. Jozsa et aL: Kinematic modeling of disk galaxies 



distortion of the potential out to a radius of ^ 4C or about one 
third of the region where we model the H i disk to be severely 
warped. Since therefore the potential is traced in the optical on 
a smaller scale than the extent of the warped region, the lack of 
such obvious signatures is indicative, but it does not exclude the 
possibility of a tumbling, triaxial potential at larger radii. 

A second possibility is that the inner warped structure is sta- 
bilised via self-gravity under the influence of an oblate poten- 
tial, aligned with the central stellar body. In a simplified anal- 
ysis (consisting of two heavy rings, or "wires" under the in- 
fluenc e of an oblate, scale free logarithmic potential), ISparkd 
("1986) showed that neutrally stable configurations exist, where 
the inner portion of a self-gravitating disk lies close to po- 
lar, while the outer disk spin axis aligns with the symme- 
try axis of the potential ( comparable to Type II warps as de- 
fined by [S^^e^Casertano 1988). However , the assumption of 
the presence of such a modified-tilt mode ( Sparke & Ca sertanol 
|1988), in which the disk would be in a state of co-precession 
throughout is in conflict with our observations (Sect. [51 Fig. [51). 

The time-development of heavy disks under the influence of 
asp herical potentials w as investigated bylS pa^^ (1986) (oblate) 
and lArnaboldi & Sp^kd (1994) (prolate, figure-rotating poten- 
tials). Within the parameter range investigated, they observed 
that in case of a large change in disk orientation (not only a 
slight warp), a break-up of the disk into multiple regions oc- 
curs, which themselves show co-precession. A global mode of 
co-precession is not reached. While this is reminiscent of the 
rapid change in the LON angle at a radius r ^ IOC (Fig. [8l), 
it is questionable if the coherency of the disk orientation in 
NGC 2685 is reproducible in a model setup of a heavy disk in 
a distinctly aspherical potential. We emp hasise, however, that 
in the studies discussed here (jS parke 19 861: ISparke & Casertan3 
[19881: [Arnaboldi & Spark3[T99 4), the parameter space was not 
searched to fit an extremely warped disk, since the goal was to 
resemble true polar ring galaxies with slight warps in their disks 
or stable modes. 

If we assume that the low-surface brightness disk of 
NGC 2685 has a negligible mass compared to the common po- 
tential of the bright SO stellar body and the dark-matter halo, 
we can estimate the flattening q of the potential under the as- 
sumption of free precession in a scale free logarithmic potential 
aligned with t he main stellar body a nd hence roughly with the 
outer Hi disk ("Morganti et al.[[2QQ6 '), giving an upper limit. In 
the approximation of a nearly spherical, logarithmic, scale free 
potential, the disk precesses about the p ole at a precession rate 
given by ([Sparkd[ 19861: [Cox et al.[[2006l) 

(pi = -^7] cos 6i , (1) 

where 6i is the inclination of the spin vector of the disk at radius 
r/ with respect to the symmetry axis of the potential, V/ is the 
rotation velocity at r/, and rj = I - b/a is the ellipticity of the 
potential with axis ratio b/a, a being the long axis. If we assume 
the potential to be aligned with the outer disk, we can calculate 
from our tilted-ring model the inclination of the disk spin vec- 
tors with respect to the symmetry axis of the potential. With cpt 
being the angle enclosed by an arbitrary zero-point and the pro- 
jection of the spin normal vector at radius n onto the symmetry 
plane of the potential (the LON angle in a Briggs-plot with the 
outer disk as reference plane; in this reference plane, the LON 
is not straight), we can calculate the ellipticity employing above 
estimates r^arp = 3.5 + 1.5, Gyr for the age of the warp feature: 

4 1 
ri = :^((pi - cpj)(t^arp(Vi/ri cos Oi - Vj/rj cos ej)r (2) 



We define the symmetry plane as the orbital plane given by the 
mean of the orientational parameters between radii of 160'' and 
360''. Building a weighted mean of the potential ellipticities 
calculated for every pair of radii between 36" and 96" yields 
J] = 0.01 1 ±0.009: under the assumption of free precession under 
the influence of a flattened potential aligned with the central SO 
stellar body, the potential of NGC 2685 in the reach of the warp 
is close to spherical. Given the high orbital frequencies within 
the radial range considered, the coherency of the disk, and the 
high assumed life time of the warp, this result is expected. 

The assumption of the presence of at most slight deviations 
from sphericity of the overall potential is supported by the ab- 
sence of obvious global features in the residual velocity map 
(Sect. [71). Furthermore, we find that the measured rotation curve 
does not show any peculiarities compared to a rotation curve 
measured for a non-warped early-type galaxy. In the case of a 
halo flattening tow ards the polar orientation as suggested for po- 
lar rins galaxies bv [lodice et aP (i20031 one would expect a dis- 
tinct drop in the measured rotation velocity within the warped re- 
gion. The slight decrease in rotation velocity towards larger radii 
and the shallow maximum in a radial range of 60" to 100" is a 
com mon feature observed for (non- warped) early type galaxies 
(e.g. iNoordermeer et al.[[2007b . The shape of the rotation curve 
is therefore not indicative of a flattening of the potential. 

In the same notion, comparing our distance estimate from 
the Tully-Fisher relation to the Hubble Distance, we do not find 
a significant off'set from the Tully-Fisher relation as reported by 
[lodice et aP ([2003L NGC 2685 being a galaxy in their sample): 
NGC 2685 does not appear significantly dimmer than suggested 
by the H i line width (see S ect. [H). In a statistical treatment of 
several polar ring galaxies, ^ lodice et aP ( 2003) interprete such 
an off'set from the Tully-Fisher relation as indication for a de- 
formation of the potential. Thus, we conclude that also the peak 
amplitude of the rotation curve of NGC 2685 (determining the 
H I line width) is not indicative of a flattening of the potential. 

9. The environment of the Spindle 

In Hi, NGC 2685 and four additional, small objects were de- 
tected (Fig. [111). This means that NGC 2685 is probably the 
dominating member of a small loose group of galaxies; hence, 
the question arises whether the peculiar structure of NGC 2685 
might be connected to a past interaction with (one of) its com- 
panions. Two Hi detections can be associated with the known 
dwarf galaxies UGC 4683 and PGC 25002, while two objects 
were detected that are barely, if at all, visible in the DSS. Their 
projected separation is very small (^ 65" =4.8kpc) and a faint 
H I bridge between the two gas clouds is present. However, their 
kinematical axes are misaligned, indicating that these are two in- 
dividual, possibly interacting dwarf galaxies with an extremely 
low surface brightness. Figure \TT\ shows an overlay of the to- 
tal Hi map on a DSS image containing all objects detected in 
H I. Table [H lists the properties of the H i detections and associ- 
ated galaxies. The Hi masses are derived under the assumption 
that each object is at the same distance as NGC 2685 (15.2 kpc, 
see Table [TJ. The diameters needed to calculate their dynami- 
cal masses are estimated from the moment maps. The integrated 
Hi spectra of the galaxies are used to calculate the 20% peak 
line width and the systemic velocities of the objects. Then, the 
(lower limit to the) dynamical mass is derived from these line 
widths and the diameters of the targets. In case of the two un- 
known objects, only rough estimates can be made. They are ap- 
proximately of the same size and have probably the same ro- 
tation amplitude. The Hi flux, systemic velocity and linewidth 



G. L G. Jozsa et aL: Kinematic modeling of disk galaxies 



15 



Table 4. Basic properties of the detected dwarf galaxies in the vicinity of NGC 2685. For all objects the same distance of NGC 2685 
(Table [B was assumed. The data show that these galaxies probably cannot account for the ring in NGC 2685 and are dynamically 
unimportant. 



Descr. 


Par. 


PGC 25002 


UGC 4683 


unknown 


Classification of galaxy fde Vaucouleurs et al. 1991) 


Type 


IB(rs)m 


dl 


unknown 


Right Ascension (J2000) (NED) 


RA (J2000) 


8h54"^22?50.0 


8^57^^54^37.0 


8h57"^42?51.0 


Declination (J2000) (NED) 


Dec (J2000) 


58°58'4:U00 


59°4'57:7.00 


59°2'28r85.00 


Optical heliocentric systemic velocity (kms~^) 


^sys 


1017.2 + 8.2 


927.0 + 8.2 


1187.0 + 8.2 


ADDarent B-band magnitude (mas, Paturel 1989) 


me 


16.4 


14.8 


very low 


Total Hi flux (Jykms-^) 


^Hl 


3.3 + 0.3 


2.2 + 0.2 


2.1 + 0.2 


Hi mass (10^ Mq) 


Mh: 


17.8 + 1.9 


12.2 + 1.3 


11.3 + 1.2 


Projected distance of object from NGC 2685 ( ") 


^2685 


1016 + 28 


1651 + 28 


1484 + 28 


Distance of object from NGC 2685 (kpc) 


D2685 


75 + 20 


122 + 31 


109 + 28 


Profile width at 20 percent of the peak flux density (km s~^) 


W20 


95.0 + 9.6 


64.0 + 6.5 


72.5 + 7.2 


Inclination (°) 


/ 


29.2 


31.6 


90.0 


Dynamical mass (lO^M©) 


Mdyn 


> 137 + 53 


> 32 + 18 


> 8.7 + 6.0 




^i^"- H" 



Fig. 11. Hi total-intensity maps of the observed field overlaid 
on a DSS (red) image. From top to bottom: UGC 4683, two un- 
known possibly merging objects, PGC 25002, NGC 2685. The 
contours represent the 1.5,40, 85, 145 • 10^^ atoms cm"^ levels. 
Note that the H i map is primary-beam corrected. 

are calculated from the spectrum of both objects, while the dy- 
namical mass was derived taking into account the extent of only 
one of the objects. Table |4] shows that none of the possible com- 
panion galaxies is large enough to be important for the dynam- 
ics of NGC 2685. The most massive companion is PGC 25002 
with about one tenth of the (dynamical) mass of NGC 2685; its 
projected distance to NGC 2685 is 75 kpc. The mass-ratio of 
PGC 25002 and NGC 2685 is roughly the same as that of the 
Milky Way and the Large Magellanic Cloud, which is currently 
at its pericentric passage and depositing quite some gas on a po- 
lar orbit about the Milky Way albeit at a large distance from the 
Galactic centre. The position of PGC 25002 lies roughly in the 
direction of the projected minor axis of the central stellar body of 
NGC 2685, such that it might be speculated that this object de- 
posited some amount of gas into a polar orbit about NGC 2685. 
However, the rather high ratio of gas mass to B-band luminosity 
of 1 .8 ± 0.2 Mm/ Lb for PGC 25002 (estimated from TableU in- 
dicates that this galaxy has not lost any major fraction of its gas. 



Consequently a comparison of the total gas masses of NGC 2685 
and PGC 25002 (10:1) makes it questionable as a donor for the 
complete amount of neutral gas in NGC 2685. This conclusion 
remains if we consider only the gas mass contained in the inner 
warped structure, assuming that only the gas in the warped struc- 
ture has been acquired in an accretion event: from our model we 
estimate a gas mass of 5.2 • lO^M© inside radii < 96'', which is 
a third of the total H i mass of NGC 2685. 

UGC 4683 has a ratio of gas mass to B-band luminosity 
of 0.28 ± 0.03 Mh I /Lb. Under the assumption that the Hi in 
NGC 2685 comes from this galaxy, an initial ratio of gas mass 
to B-band luminosity of about 4 Mm/ Lb before the encounter 
with NGC 2685 would be required. In this case, because of the 
position of the galaxy with respect to NGC 2685, UGC 4683 
must have donated its gas on an orbit well aligned with the outer 
gas disk and hence to the inner lenticular stellar body. Also here 
it is unlikely that the complete gas content of NGC 2685 was 
deposited by UGC 4683. 

The optical observations show a very faint elliptical stellar 
system located at the SW side of NGC 2685 (see Fig. [T] upper 
left panel). It is, however, unclear at which distance this object is 
with respect to NGC 2685, since it is not detected in Hi. There 
is no evidence for any interaction as no Hi feature in the gas 
belonging to NGC 2685 seems to be connected with the object. 

We therefore conclude that the peculiar structure of 
NGC 2685 is probably not caused by an interaction with its di- 
rect neighbours. It is, however, clear that with a lifetime of the 
helix of more than 2 Gyr a possible donor galaxy that had an 
encounter with NGC 2685 can now be located at a distance of 
Megaparsecs. Hence, the lack of possible donors in the field-of- 
view of our H i observations does not exclude the possibility of 
a gas accretion from a bypassing galaxy as a possible origin for 
the peculiar structure of NGC 2685. 

10. Summary and discussion 

We analyse deep WSRT HI synthesis observations and deep 
INT WFC observations in the V band of the Spindle Galaxy 
NGC 2685. Our analysis includes a tilted-ring parametrisation 
of the Hi disk. Our analysis supports the following hypotheses: 

- NGC 2685 possesses two separate components, one being 
the central SO stellar body. The other is a coherent large-scale 
warped disk consisting of gas, stars and dust. The appear- 
ance of a two-ringed structure (IShandll977L fToSOl: iMatoH 
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119921: ISchinnerer & Scovilldl2QQ2l) is due to projection ef- 
fects. This makes scenarios in which the rings, respectively 
the disk, of NGC 2685 have been acquired in two separate 
accretion events unlikely. 

- the large-scale disk shares many properties of a small spiral- 
galaxy disk of low surface brightness, containing molecular- 
, neutral-, and ionised gas and stars. The helical dust-lane 
structure appearing in optical images can be identified with 
spiral arms that are matched by density peaks in the neutral 
gas component. The spiral arms also occur on the far side 
of the galaxy in high resolution Hi maps. The Hi surface 
density profile resembles that of any spiral galaxy. 

- our analysis indicates the presence of a relaxed Hi disk 
at large radii, rotating regularly with a rotational period 
of 1.3 Gyr (see Table [TJ. The age of the stellar popu- 
lation in the helic al structure is between 2 and 5 Gyrs 
("Peletier & Christodoulou' ' 19931: |Eskridge & Pogge 1997; 
[Karataeva et al. 2004). Since after an accretion event sev- 
eral rotational periods are necessary for the gas to settle on 
regular orbits, we conclude that the age of the gas disk is 
probably significantly lar ger than 2 Gryr. Th is is consistent 
with the findings ofjKarataev a et al.l (l2004l) . In contrast to 
lEskridge & Poggd (Il997) . they found a metallicity typical 
for a dirr o r LSB galaxy with the con sequence of a higher 
stellar age (iPeletier & Christodoulou| [T993). This suggests 
that the large-scale disk of NGC 2685, part of which is the 
helical structure, has not been acquired recently, but is of in- 
termediate age. 

- The warp in the large-scale disk shares important proper- 
ties with warps of lower amplitude in spiral galaxies. The 
disk is divided into two regimes each of which shares a 
common line-of-nodes ( Briggs 1990). Hence, the disk is co- 
precessing (or not precessing) in both regimes. The disk 
is coherent, hence both regimes are connected by a small 
transition region. In the transition region the nodal line 
progresse s in the direc tion of rotation, as was previously 
found by iBriggsl (Il990h for other galaxies. The outer disk 
of NGC 2685 is flat out to a radius of about 420'' = 3 1 kpc. 

- For radii > 36", where we consider our model reliable, the 
maximal mutual inclination of two spin vectors is ^ 75° and 
no polar orientation w.r.t. to the central bright stellar body is 
reached. Optical analyses indic ate that this also h olds for the 
ionised gas disk at radii < 36'' (ISarzi et al.l l2006V 

- Within the scope of our measurements and our analysis, we 
do not find obvious indications for a large deviation of the 
potential from sphericity. The absence of global residuals 
when subtracting the modelled velocity field from the ob- 
served ones and the fact that the rotation curve does not show 
any peculiarities compared to rotation curves of other early- 
type galaxies rather indicates that the potential is close to 
spherical. This is consistent with an estimate of the ellip- 
ticity of the potential in the limit of free precession (t] = 
0.01 1 ± 0.009), providing an upper limit for the ellipticity. 

- Because of their low Hi mass compared to that of 
NGC 2685, and the lack of an H i-deficiency, companions 
of NGC 2685 detected in H i can be excluded as donors to 
create the entire coherent H i disk. If an interaction with a 
present companion galaxy created the warped structure of 
the large-scale disk, the interaction was mainly of tidal na- 
ture. 

As stated in Sect. (H cases similar to NGC 2685 are known and 
the question arises how such a structure can form. The fact that 
the colours of the inner stellar body and the helical structure dif- 



fer (iPeletier & Christodouloulll993h leaves little doubt that the 
inner warp and segregation of two rotating systems is the result 
of a more recent interaction rather than it has formed at early 
times. 

As it is the case for po lar ring galaxies (e.g. lBekki|[T997l: 
iBournaud & Combesll2003l) . two scenarios come into question. 
The first is that NGC 2685 is the result of a merger event. 
Simulations of wet, dissipative mergers of spiral galaxies have 
shown that indeed extremely warped structures of resulting gas 
disks as repor ted here can sho w up as a result of a merger 
(Barnes 2002: iNaab et al. I [20061 Fig. 2 therein showing a case 
with a gas structure very similar to that of NGC 2685). lBarnesl 
(2002) shows that extended, regular gas disks (containing up 
to about half of the gas of the progenitor galaxies) can build 
up after a major merger that would resemble the outer Hi disk 
of NGC 2685, while towards the centre a highly inclined disk 
turns l ip, in some cases connected to the outer disk. In con- 
trast to lNaab et all (l2006h . lBarn"esl (^2002) finds extremely warped 
gas remnants of a merger to turn up also in the case of un- 
equal (3:1) mass mergers. This is of relevance insofar as simu- 
lations (Naab et al. 1999; Naab & Burkert 2003) show that gen- 
erally equal-mass mergers tend to result in slowly rotating, boxy 
stellar remnants, while the central stellar body of NGC 2685, 
despite showing a de Vaucouleu rs profile in surface-brightness 
(Peletier & Christodoulou 1993), is clearly a fast rotating, flat- 
tened system (Emsellem et al. 2004), as is produced in simula- 
tions with preference in unequal-mass mergers. 

A second scenario could be that the central warp in NGC 
2685 is the result of gas accretion, the gas being acquired either 
in the course of a tidal interaction w i th a (now distant, Sect. [9]) 
donor galaxv (ISchw eizer e t al.l 1 1 983l: iReshetnikov & Sotnikoval 
119971: IBournaud & Combe d l200"3iror th rough direct infafl of 
cold, primordial gas ( Maccio et al.l l2006'). In the latter scenario, 
the (cold) accreted gas falls onto an inner part of a pre-existing 
spiral galaxy, is stopped in the gas disk and mixes its angular 
momentum with the original gas disk only in the region of the 
resulting warp. Depending on the ratio of angular momentum 
carried by the infalling material and the disk at difl'ering radii, in 
this way a warped gas structure might bui ld up. A similar sce- 
nario has been successfully simulated by IBournaud & CombesI 
(12003 ) to explain the co-existence of an inner polar and an outer 
equatorial ring. The important difl'erence of their model predic- 
tions and our simple model for the gas structure in NGC 2685 
is that in their simulations a coherent disk and a warp of large 
amplitude never turns up. This is due to the fact that within their 
setup the gas on an inclined orbit with respect to the progenitor 
disk is subject to a torque strong enough to prevent the formation 
of warped structure with partly low inclination with respect to 
the equatorial plane. Only gas on highly inclined orbits is stable 
against difl'erential precession. This situation might change if the 
torque imposed on the mixture of infalling- and disk material is 
attenuated by choosing a difl'erent setup, e.g. a more dominating 
spherical DM halo potential. In favour of the accretion scenario 
could be the excess of Hi surface brightness (Fig.[6l) in the re- 
gion of the inner warp. The shape of the Hi surface-brightness 
profile is not unusual compared to a spiral galaxy. A concern 
against the accretion scenario is the light profile of the central 
stellar body. IPeletier & Christodouloul (119 93) showed that it fol- 
lows a de Vaucouleurs-law, while an exponential profile would 
be expected if the central stellar body would form from a spiral 
galaxy stripped from the gas in the inner regions. Furthermore, 
the accretion scenario would require fine-tuning, since the struc- 
ture of the gas disk of NGC 2685 is highly symmetric. An ac- 
cretion event would likely also impose linear momentum on the 
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progenitor disk, which would then probably result in a more 
asymmetric warp and a lopsided kinematics and gas distribu- 
tion. The task would be to find a scenario where the transfer of 
linear momentum is small or where the resulting displacement 
of inner, warped disk and outer disk vanishes quickly (see e.g. 
ISanchez-Salcedo 2006, on the topic of warp formation through 
gas infall). 

A possibility to distinguish between the two tentative scenar- 
ios might be to consider photometric observations. Obviously, a 
stellar component has formed within the gaseous, warped disk 
of NGC 268 5. In the mer ging scenario, the gas disk grows from 
inside out (Barnes 2002), after a rapid initial transport of gas 
to the centre. Therefore, it is to be expected that the age of 
the subsequently formed stars becomes younger towards larger 
radii. Hence, if at all, a colour gradient towards a bluer pop- 
ulation with increasing radius is expected in the merging sce- 
nario. In the accretion scenario, since the bulk of the new star 
forming material should be placed in the centre of the galaxy, a 
transition in colour from the inner, warped, region, to the outer 
remnant of the progenitor disk is expected to occur from bluer 
to redder co lours. Considering the colour maps published by 
lErwin & Sparkd (l2002|) . it is immediatily evident that this dis- 
tinction cannot be made easily. In fact, the inner helical structure 
appears reddened with respect to the outer projected ring, but 
this may well be due to reddening by dust and a mixing of the 
light from the low-surface-brightness disk and the central stel- 
lar body on the line-of- sight. According to our tilted-ring model 
(Fig. [5]), the material along the projected outer ring is a mixture 
of material at smaller and larger radii, while on the apparent mi- 
nor axis it is dominated by material at smaller radii and on the 
apparent major axis it is dominated by material at larger radii. 
Thus, one can inspect the projected ring to search for a change 
in colour along the projected ring. While the colour changes in- 
deed along the projected outer ring, no clear trend can be m ade 
out in the colour maps published by lErwin & Sparkd (I2002h . 

We cannot be conclusive about the origin of the structure of 
NGC 2685. However, due to the facts that the inner stellar body 
does not follow an exponential light profile, and that warped gas 
structures do turn up in simulations of wet mergers, we give our 
preference to the hypothesis that NGC 2685 is the result of a 
merger of two disk galaxies. 

NGC 2685 remains an interesting object, mainly because of 
the co-existence of two rotating disks of extreme symmetry at 
diff'ering orientation. Exploiting the kinematics of both the stars 
of the central lenticular stellar body and the gas disk should lead 
to further insight in the 3D structure of the galaxy. 
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Fig. A.l. Selected images from the low-resolution data cube (channel width of 4.12kms"\ Robust weighting 0.4, baselines of 
length < 6.4 k/l used) overlaid with contours of the original dataset (black) and the final model data cube (grey, blue in online- 
version). The numbers on the upper left give the heliocentric radio velocity in km s"^ . The dot in the lower left corner represents the 
clean beam. The contours represent the 0.5, 2, 8 mJy/beam levels. 
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Fig. A.2. Selected images from the high-resolution data cube (channel width of 2.06 km s"^ uniform weighting, all visibilities 
regarded). The numbers on the upper left give the heliocentric radio velocity in km s"^ . The dot in the lower left corner represents 
the clean beam. The contours represent the 0.75, 3, 4.5 mJy/beam levels. 
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Right Ascension (J2000) Right Ascension (J2000) 

Fig.A.3. Total-intensity map (left) and first-moment velocity field (right) derived from the high-resolution data cube overlaid 
on a total intensity grey-scale map. The ellipse in the lower left corner represents the clean beam. The contours represent the 
5, 20, 50, 140 • 10^^ atoms cm-2 levels and the Vsys ± 0, 40, 80, 120, 140 kms"^ levels respectively (see Table©. 
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Appendix B: Results from spectral fits 
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Table B.l. Velocities and masses of gas detected at "anomalous" velocities as derived from fitting a double-Gaussian to several 
profiles of the data cube. (1) Position, right ascension (J2000) of profile. (2) Position, declination (J2000) of profile. (3) Diff'erence 
between peak position belonging to inner component and systemic velocity: assumed projected rotation velocity (kms~^). (4) 
Diff'erence between peak position belonging to inner component and far side 20 percent peak position of residual: maximal excess 
motion with respect to inner component (kms"^). (5) Diff'erence between peak position belonging to inner component and bulk 
velocity of residual: bulk excess motion with respect to inner component (km s"^). (6) Diff'erence between peak position belonging 
to outer component and far side 20 percent peak position of residual: maximal excess motion with respect to inner component 
(kms~^). (7) Diflference between peak position belonging to outer component and bulk velocity of residual: bulk excess motion 
with respect to inner component (kms~^). (8) Total ffux of residual within the boundaries set by 20 percent of the peak intensity 
(Jy km s"^). (9) Total flux derived from Gaussian fit to the inner component (Jy km s"^). (10) Total flux derived from Gaussian fit to 
the outer component (Jy km s~^ ). 
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Appendix C: Tilted-ring parameters 



Table C.l. Radially dependent best-fit parameters. (1) Radius (2) Radius (kpc, according to Table [T]). (3) Error of (kpc) (4) Face-on surface brightness (Jykms ^). (5) 
Error of /tot,f (Jy km s"^). (6) Face-on H 1 column-density (10^^ atoms cm"^). (7) Error of A^hi (10^^ atoms cm"^). (8) Face-on surface density (M© pc"^). (9) Error of cr(MQ pc"^). 
(10) Rotation velocity (km s'^). (11) Error of Vrot (km s'^). (12) Inclination ( °). (13) Error of / ( °). (14) Position angle ( °). (15) Error of pa ( °). (16) Inclination ( °). (17)-(23) 
are Cartesian components of the spin normal vector n of the ring and their errors. (17) Spin normal vector component towards W (natural units). (18) Error of (natural units). 
(19) Spin normal vector component towards N (natural units). (20) Error of (natural units). (21) Spin normal vector component towards observer (natural units). (22) Error of 
^Los (natural units). 
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0.507 


0.054 


0.445 


0.063 


280 


20.64 


5.10 


2.0 


2.0 


2.5 


2.5 


0.2 


0.2 


137.5 


8.2 


62.5 


4.0 


121.3 


4.2 


0.758 


0.044 


0.460 


0.059 


0.462 


0.062 


320 


23.59 


5.83 


0.5 


2.0 


0.6 


2.5 


0.0 


0.2 


143.9 


15.0 


64.8 


4.3 


123.2 


13.7 


0.757 


0.122 


0.496 


0.182 


0.425 


0.068 


360 


26.54 


6.56 


0.8 


2.0 


1.0 


2.5 


0.1 


0.2 


139.6 


15.0 


66.7 


4.0 


121.9 


7.1 


0.780 


0.065 


0.485 


0.098 


0.396 


0.064 


400 


29.49 


7.29 


0.2 


2.0 


0.2 


2.5 


0.0 


0.2 


146.7 


15.0 


66.9 


8.4 


119.5 


10.0 


0.801 


0.093 


0.454 


0.143 


0.392 


0.134 


420 


30.96 


7.65 


0.9 


2.0 


1.2 


2.5 


0.1 


0.2 


168.8 


15.0 


67.4 


10.6 


119.0 


10.0 


0.807 


0.100 


0.448 


0.145 


0.384 


0.171 



